Although the importance of rodents as reservoirs for a number of tick-borne infections is well established, comparatively little is known about the potential role of shrews, despite them occupying similar habitats. To address this, blood and tick samples were collected from common shrews (Sorex araneus) and field voles (Microtus agrestis), a known reservoir of various tick-borne infections, from sites located within a plantation forest in northern England over a 2-year period. Of 647 blood samples collected from shrews, 121 (18.7%) showed evidence of infection with Anaplasma phagocytophilum and 196 (30.3%) with Babesia microti. By comparison, of 1505 blood samples from field voles, 96 (6.4%) were positive for A. phagocytophilum and 458 (30.4%) for Ba. microti. Both species were infested with the ticks Ixodes ricinus and Ixodes trianguliceps, although they had different burdens: on average, shrews carried almost six times as many I. trianguliceps larvae, more than twice as many I. ricinus larvae, and over twice as many nymphs (both tick species combined). The finding that the nymphs collected from shrews were almost exclusively I. trianguliceps highlights that this species is the key vector of these infections in this small mammal community. These findings suggest that common shrews are a reservoir of tick-borne infections and that the role of shrews in the ecology and epidemiology of tick-borne infections elsewhere needs to be comprehensively investigated.
Introduction
T icks are considered to be second in importance only to mosquitoes as vectors of zoonotic and veterinary infections (Sonenshine 1991) . Consequently, considerable research has gone into elucidating the ecology and epidemiology of tick-borne infections in an attempt to develop and improve control strategies. Of fundamental importance is the identification of those species that serve as a reservoir for infections that may be acquired by ticks and subsequently transmitted to humans and domesticated animals. Rodents have been highlighted as playing a key role in the maintenance of a number of important tick-borne infections (Cerny, 1976 , Healy et al. 1976 , Anderson et al. 1985 , Telford et al. 1996 . By comparison, relatively few studies have investigated the potential role of shrews, despite them occupying the same habitat and thus potentially having a similar tick fauna. Most reports on the presence (or absence) of tick-borne infections in shrews have been based on a small number of individuals and are of limited use in increasing our understanding of their reservoir status (e.g., Liz et al. 2000 , Kim et al. 2006 , Barandika et al. 2007 , Chae et al. 2008 , Foley et al. 2008 . However, it has been suggested that shrews have the potential to be of greater importance than small rodents by feeding, and therefore infecting, greater numbers of tick larvae and subsequently contributing more to the pool of infected questing nymphs (Brisson et al. 2008) .
In Europe, the common shrew (Sorex araneus) shares its habitat with rodent species such as the bank vole (Myodes glareolus), field vole (Microtus agrestis), and wood mouse (Apodemus sylvaticus) (Churchfield 1990 ) and has a similar tick fauna (Arthur 1963 , Randolph 1975 . Further, higher nymphal burdens of Ixodes trianguliceps, a vector of Anaplasma phagocytophilum (Bown et al. 2003 (Bown et al. , 2006 , the causative agent of granulocytic anaplasmosis (Telford et al. 1996 , Woldehiwet 2006 , and Babesia microti (Young 1970 , Randolph 1991 , a potential cause of human babesiosis (Healy et al. 1976) , have been reported on S. araneus than on sympatric rodent species (Randolph 1975) . As such, there is the potential for shrews to make a substantial, possibly dominant, contribution to the maintenance of tick-borne infections. Indeed, the few studies that have investigated tick-borne infections of S. araneus have reported the presence of A. phagocytophilum DNA (Liz et al. 2000 , Bray et al. 2007 , and the presence of Ba. microti blood smears has also been reported (Young 1970) .
We report here on a study of S. araneus that live in sympatry with M. agrestis in grassy clear-cut areas of a plantation forest in northern England. We have previously reported the presence of both I. trianguliceps and Ixodes ricinus here and infection with both Ba. microti and A. phagocytophilum in M. agrestis populations (Bown et al. 2006 (Bown et al. , 2008 . We utilized samples collected during an intensive study of M. agrestis to investigate the importance of S. araneus relative to M. agrestis as a reservoir for A. phagocytophilum and Ba. microti and to further clarify the roles of the I. trianguliceps and I. ricinus as vectors of infectious agents in small mammal communities.
Materials and Methods

Study site and sample collection
The study was undertaken at locations within Kielder Forest, Northumberland, United Kingdom (558 13 0 N, 28 33 0 W), a conifer plantation covering 600 km 2 , between March 2004 and January 2006. Sampling was undertaken every 4 weeks (apart from no sampling being undertaken in December or February) at four study sites that were located within ''clear-cut'' areas created by the recent harvesting of trees and resulting in a landscape dominated by grasses (e.g., Deschampsia cespitosa Beauv.), rushes (e.g., Juncus effusus), and bryophytes. Protocols for the trapping of small mammals and the handling of trapped individuals have been previously described (Bown et al. 2008 ). Blood samples were collected by cardiac puncture from culled shrews, and the carcasses were then examined for ticks, which were removed and stored in 70% ethanol for identification using standard keys (Arthur 1963 , Snow 1979 . Field voles were sampled as previously described (so that only larval ticks were removed) (Bown et al. 2008 ) and released at the point of capture.
DNA extraction and microparasite detection
DNA was extracted from blood samples by alkaline digestion as previously reported (Bown et al. 2003) and was diluted 1:10 in sterile molecular-grade water (Sigma) before being used as template in subsequent polymerase chain reaction (PCR) analyses. Negative controls were incorporated in both DNA extraction and PCR analyses at the rate of one control to every four samples.
Detection of A. phagocytophilum and Ba. microti was achieved by a real-time PCR method as previously reported (Courtney et al. 2004 , Bown et al. 2008 , performed on a DNA engine Opticon2 real-time machine (Biorad). Reactions contained 3.3 pmol of probe, 22.5 pmol of each primer, 12.5 mL of 2Âmaster mix (Abgene), and 1 mL of DNA template, which were made up to a final volume of 25 mL with sterile moleculargrade water.
To confirm their identity, three positive samples for each infection were sequenced. Those positive for A. phagocytophilum were further analyzed with a nested PCR assay that amplifies a fragment of the 16S rRNA (Massung et al. 1998) and an additional PCR assay that amplifies a noncoding region of the A. phagocytophilum genome (''DOV'') (Bown et al. 2009 ). The Ba. Microti-positive samples were analyzed using a nested PCR assay that amplifies a fragment of the 18SrRNA of the Apicomplexa (Simpson et al. 2005) . Samples were sequenced in both directions and analyzed using Chromas Pro software (Technelysium) to produce consensus sequences. These were analyzed using BLAST (URL: www.ncbi.nlm .nih.gov/BLAST).
Statistical analysis
To investigate those factors that influence an individual's probability of testing positive for infection with A. phagocytophilum and Ba. microti, we used generalized linear mixed models (GLMMs) assuming a binomial error term and a logit link. Host species was included, and to account for lack of independence of samples collected from the same site at the same monthly sampling interval, this was included in the model as a random effect (''site*session''). We also included sinusoidal covariates (seasin and seacos, where seasin ¼ sin[2pd/365], seacos ¼ cos[2pd/365], and d ¼ number of days between May 28, 2001 and time of sample collection) to capture the effect of seasonality (Diggle 1990 ) and the number of nymphs an individual was carrying at the time of capture. In addition, biologically meaningful, potential two-way interactions were also considered, such as those between species and seasonal effects.
The factors associated with the number of ticks an individual carried were also investigated using GLMMs and generalized linear models (GLMs). The initial stage involved determining the best variable to represent seasonality using GLMs with a negative binomial error term and a log link. Sinusoidal covariates were used as above, as were month, 2-month groupings, and season (3-month groupings). The best model fit was determined using Akaike Information Criterion (AIC) and by plotting the predicted model values to assess how well they reflected the observed data. For nymphs and I. ricinus larvae, sinusoidal covariates best explained seasonal variation, but for I. trianguliceps larvae, month explained variation better. The analyses were then repeated with GLMMs including ''site*-session'' as a random effect to account for lack of independence of samples collected from the same site during the same sampling session. For larval ticks, the fixed-effects variables considered were an individual's species, the number of larvae of the other tick species, the number of nymphs, and seasonality. ''Site*session'' was again included as a random effect to account for nonindependence of samples and potential two-way interactions were also investigated. These tick models assumed a negative binomial error and log link.
All analyses were carried out using R 2.8 (R. Development Core Team, 2008) using either the glm.n function from the MASS library (for GLMs), glmmPQL function from the MASS library (for negative binomial GLMMs), or the lmer function from the lme4 library for the GLMMs with binomial errors. Model selection was based on backward stepwise model selection with variables dropped according to p-value, with only those variables significant at the p < 0.05 level being retained in the final model.
To account for potential bias resulting from repeated sampling of some field voles, a single sample was randomly selected for each for inclusion in the GLMMs.
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Summary of infection data
A total of 647 common shrews were sampled, with monthly captures varying between a low of 2 (August 2005) and a peak of 76 (August 2004). Of these, 121 (18.7%) tested positive for A. phagocytophilum infection and 196 (30.3%) for Ba. microti, with 76 (11.7%) testing positive for both. Over the same period, single samples were collected from 1505 field voles, of which 96 (6.4%) tested positive for A. phagocytophilum and 458 (30.4%) for Ba. microti, with 52 (3.5%) testing positive for both. The dynamics of both infections were highly seasonal (Fig. 1) . Sequence analysis of a 546-bp fragment of 16S rDNA and a 275-bp fragment of the noncoding DOV region showed the A. phagocytophilum strain in the three shrews tested to be identical to that previously reported in field voles (Bown et al. 2009 ), and a 600-bp fragment of 18S rDNA indicated the Ba. microti strain was identical to the Munich strain (GenBank accession number: AB071177).
GLMM analyses on factors associated with host A. phagocytophilum infection GLMM analyses showed that Ba. microti infection status significantly influenced the probability of an individual being infected with A. phagocytophilum (Table 1) . Hosts infected with Ba. microti were substantially more likely to also be infected with A. phagocytophilum than those free from Ba. microti infection (odds ratio ¼ 2.93, 95% confidence interval ¼ 2.15-4.00). The probability of infection was also associated with seasonal variations represented by the two sinusoidal covariates. Overall infection was more common in shrews than in voles, and the difference between species varied according to season (significant interaction between species and season: shrew*seasin; p < 0.001). This reflects the much greater peaks in infection prevalence seen in shrews in the summer, when A. phagocytophilum reached approximately 50%, whereas during other periods (e.g., April and May of both years), infection prevalence was higher in field voles (approximately 3%À8%) than in shrews (0%).
GLMM analyses on factors associated with host Ba. microti infection A. phagocytophilum infection status was significantly associated with the probability of an individual being infected with Ba. microti (Table 1) , with those hosts infected with A. phagocytophilum being significantly more likely to also test positive for Ba. microti (odds ratio ¼ 2.81, 95% confidence interval ¼ 2.06-3.85). The probability of infection also varied significantly with season although once again the effect of season was not the same for shrews and voles (significant interaction between seasonality and species effects; Table 1), reflecting the more marked seasonal pattern of infection in shrews. Infection in shrews occurred over a narrower period but reached higher levels during the summer months (e.g., maxima of 70% and 40% in July 2004 and 2005, respectively).
Summary of tick infestation data
Of the 647 shrews sampled, 444 carried at least one tick (68.6%). A total of 2808 ticks were collected, with I. trianguliceps 
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thirty-three shrews were concurrently infested with both tick species, but no adults of either species were recorded. From the 1505 field voles sampled, a total of 1792 ticks were recorded: 713 larval I. trianguliceps, 856 I. ricinus larvae, and 223 nymphs (not removed from the host hence of unknown species identity), with 37 voles being infested with larvae of both species concurrently. In addition, 50 adult female and 5 adult male I. trianguliceps were found on field voles. Seasonal dynamics for larvae are shown in Figure 2A and for nymphs in Figure 2B . I. trianguliceps larvae have multiple peaks with numbers peaking in early summer and again in late autumn for both years, with an additional peak in spring 2004. For I. ricinus, seasonal fluctuations were primarily restricted to a spring peak, with numbers falling to very low levels by autumn.
GLMM analyses on factors associated with tick infestation I. trianguliceps larvae. Both infestation with I. ricinus larvae and nymphs (both species combined) were positively associated with increased levels of infestation with I. trianguliceps larvae (Table 2 ). Shrews carried significantly higher burdens of I. trianguliceps larvae.
I. ricinus larvae. Increased abundance of I. trianguliceps larvae and nymphs were both positively associated with increased burdens of I. ricinus larvae. Burdens were generally higher on shrews than on field voles, although this was dependent on season, reflecting that, for example, in May 2005, infestation levels were sometimes higher on field voles.
Ixodes spp. nymphs. Increased burdens of nymphs were associated with the presence of both I. trianguliceps and I. ricinus larvae. The infestation levels were generally higher on shrews, but this was again dependent on season.
Discussion
This study highlights the potential importance of shrews not only in the ecology of A. phagocytophilum and Ba. microti in the United Kingdom and Europe, but also in the ecology of tickborne infections worldwide. Over the study period, almost 19% of the shrews tested positive for A. phagocytophilum, with a peak of approximately 50% in summer, and over 30% testing positive for Ba. microti. Evidence for the role of common shrews in the ecology of A. phagocytophilum was hitherto limited to a single positive blood sample in the United Kingdom (Bray et al. 2007 ) and a single positive spleen sample from Switzerland (Liz et al. 2000) , whereas Ba. microti was seen in 8 of 119 blood smears (Young 1970 ) from the United Kingdom. As such, we believe this to be the first report to provide extensive longitudinal data to support the hypothesis that commons shrews are competent reservoir hosts for these tick-borne organisms.
Although there are fewer data on common shrews with which to compare our findings, we have been able to directly compare their role in the maintenance of these organisms with that of the field vole, on which we have previously reported (Bown et al. 2006 (Bown et al. , 2008 (Bown et al. , 2009 . Infection with A. phagocytophilum was much more common in shrews, with overall prevalence being approximately three times higher than that in field voles. The pattern of Ba. microti infection in the two host species was also markedly different. Overall mean infection prevalence was similar, that is, approximately 30% for both, but the statistical analysis indicated that the seasonal patterns of infections were markedly different in the two species. Whilst infection can be detected in field voles throughout the year with little obvious seasonal pattern, in shrews infections were not detectable during the winter months, yet rose to similar, if not higher, levels in the summer and autumn. This suggests that infection in shrews may be more acute than that in field voles, which is chronic, because individuals remain PCR positive after initial infection for several months in nature (Telfer et al. 2008) , something also reported for laboratory infections in BALB/c mice (Welc-Falęciak et al. 2007 ).
The high prevalence of A. phagocytophilum infection observed in shrews may be attributable to the differences in tick infestation seen in the different host species. Over the study period, shrews were found to carry higher numbers of both I. trianguliceps and I. ricinus larvae as well as, perhaps of greater significance, higher numbers of potentially infectious nymphs. Although adult ticks were only observed on voles, their low abundance is unlikely to compensate for this. Further, this study shows that the vast majority of nymphs infesting shrews are I. trianguliceps, whereas a previous study in the same location reported similar numbers of I. ricinus and I. trianguliceps nymphs on field voles (Bown et al. 2006) , predicting even lower exposure of field voles to A. phagocytophilum.
When considering the overall contribution of shrews and field voles in the maintenance of tick-borne infections, it is 
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important to also consider their relative abundance. During the study period, approximately 2.3 times as many field voles were caught, countering the higher prevalence of A. phagocytophilum recorded in shrews, and this difference is likely to be even greater in peak vole years when densities can reach 600 per hectare (Burthe et al. 2006 ). This suggests that higher numbers of infected or infective voles may be present than shrews. However, as common shrews host much higher numbers of I. trianguliceps larvae, it is likely that they still produce at least comparable numbers of infected I. trianguliceps nymphs, assuming that transmission efficiencies from shrews and voles are similar, something that can only be determined by xenodiagnostic studies in the laboratory. These results indicating the importance of shrews in the ecology of tick-borne infections agree with previous data suggesting that, in the United States, masked shrews (Sorex cinureus) and short-tailed shrews (Blarina brevicauda) provide more than half of all infected blood meals to larval Ixodes scapularis, the principal vector of Borrelia burgdorferi in that region (Brisson et al. 2008) , despite the white-footed mouse being previously regarded as the principal reservoir.
For both mammal species, coinfection with A. phagocytophilum and Ba. microti was common and infection with either organism significantly increased the probability of the host being infected with the other. Coinfection with tick-borne organisms has been frequently reported in questing tick vectors (e.g., Adelson et al. 2004 , Holman et al. 2004 , Wojcik-Fatla et al. 2009 ), so this association may simply result from being exposed to both organisms during a single tick feed. Whether there is any additional synergistic or antagonistic relationship between differ- 
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ent organisms within either the tick or the vertebrate host is as yet unknown. It has been reported that infection with A. phagocytophilum can increase the efficiency of Bo. burgdorferi transmission to larval I. scapularis (Thomas et al. 2001) , although interference between the two has also been described (Levin and Fish 2001) . Whether any such interaction exists between A. phagocytophilum and Ba. microti is worthy of further study.
This study also further highlights the importance of I. trianguliceps in the transmission of tick-borne infections in the small mammal community. In the absence of transovarial transmission, nymphal and adult ticks represent the only life stages capable of infecting hosts, and in this study, no adult ticks of either species were observed on shrews. The number of collected nymphal I. trianguliceps (216) was far higher than that for I. ricinus (14), with no nymphal I. ricinus collected from shrews in 2005. As A. phagocytophilum prevalence in questing I. ricinus nymphs in this area is only 0.7% (Bown et al. 2009 ), it would appear unlikely that sufficient I. ricinus nymphs are feeding upon shrews to infect up to half of their population. Hence, it seems highly likely that, as the only other ixodid tick species present, I. trianguliceps is transmitting these infections. Further, there is a strong correlation between the seasonal dynamics of both infections and those of I. trianguliceps nymphs, as previously reported for A. phagocytophilum infection in woodland rodents (Bown et al. 2003) . The role of small mammal specific ticks in the maintenance of enzootic cycles of tick-borne pathogens has been previously reported in the United States, where I. spinipalpis has been proven to be a competent vector of Borrelia bissettii, A phagocytophilum, and Ba. microti (Brown and Lane 1992 , Burkot et al. 2000 , although in many parts of the United States generalist ticks such as I. scapularis are principal vectors of these infections (Piesman et al. 1986 , Telford et al. 1996 .
Although this study highlights the role of common shrews in the maintenance of these organisms, the public health significance of these findings needs further investigation. The A. phagocytophilum genotype present in shrews was identical to that previously reported in field voles from Kielder, which we have hypothesized as being restricted to an enzootic small mammal-I. trianguliceps cycle (Bown et al. 2009 ). In addition, Ba. microti has been reported in I. ricinus in Europe and has been associated with human disease (Duh et al. 2001 , Hildebrandt et al. 2007 , whereas the strain circulating in British rodents has been previously demonstrated to be transmitted only by I. trianguliceps (Young 1970) ; thus, this is also of questionable zoonotic or veterinary importance. However, A. phagocytophilum has been detected in common shrews in Switzerland, where I. ricinus appears to have been the vector (Liz et al. 2000) , suggesting that this host could directly involve in the epidemiology of A. phagocytophilum in some localities. As such, further investigations into the role of shrews in the ecology and epidemiology of tick-borne infections in Europe and elsewhere are of great importance. Field vole is reference species for shrew; April is the reference month.
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